In plant cells, heterotrimeric G protein signaling mediates development, biotic/abiotic stress responsiveness, hormone signaling, and extracellular sugar sensing. The amount of sugar in plant cells fluctuates from nanomolar to high millimolar concentrations over time depending on changes in the light environment. Arabidopsis thaliana Regulator of G Signaling protein 1 (AtRGS1) modulates G protein activation and detects the concentration and the exposure time of sugars. This is called dose-duration reciprocity in sugar sensing and occurs through AtRGS1 internalization which is directly proportional to G protein activation. One source of sugars is from CO 2 fixation by photosynthesis. Through a simple set of experiments, we show that sugars made in cotyledons that are undergoing photomorphogenesis activate G signaling in cells distal to the nascent photosynthesis center. This occurs with sufficient speed to enable distal cells to monitor changes in photosynthetic activity in the leaves.
the AGB1/AGG dimer is free to recruit with-no-lysine (WNK) kinases (Fu et al., 2014 ) that phosphorylate AtRGS1. Phosphorylation of AtRGS1 at Ser 428/435/436 is necessary for its internalization from the plasma membrane. The plant adaptor equivalent to barrestin in animals has not yet been identified, but signaling from the endosomal compartment may be a mechanism shared with the animal G signaling pathway described earlier.
Sugar uptake and efflux between sources and sinks mediated by sugar transporters such as glucose transporters (GLUTs), sodium-glucose cotransporters (SGLTs), and SWEET proteins are important for metabolism, development, growth, and homeostasis (Han et al., 2017) . The phloem transport of photosynthesis-derived sugar into the root tip is necessary for the regulation of root elongation growth by light (Kircher & Schopfer, 2012) . Glucose serves as a regulatory signal that controls expression of thousands of genes and proteins, cell-cycle progression, metabolism, proliferation, growth, development, and stress adaptation in plants (Sheen, 2014) . Perception of sugars by membrane or cytosolic sensors is also important for plant cells to adapt their activity as a function of their sugar status (Lecourieux et al., 2014) . Finally, because sugars are the primary products of CO 2 fixation, their dynamic levels in the extracellular space may inform of changes in the light environment Liao, Melvin, et al., 2017) . The amount of sugar in plant cells fluctuates from nanomolar to high millimolar concentrations over time depending on changes in the light environment (Deuschle et al., 2006) . When Arabidopsis seedlings are exposed to even a small amount of light, the hypocotyls stop elongating, their superposing hooks open, the cotyledons expand, and they become photosynthetically active (Kircher & Schopfer, 2012) . This so-called de-etiolation process is packed with many cellular changes including the groundwork for an autotrophic strategy of sugar production. Etiolated AtRGS1 null mutant seedlings have longer hypocotyls, open hooks, and expanded cotyledons (Chen, Gao, & Jones, 2006) , and light-grown mutant seedlings are hyposensitive to a high dose of glucose (Huang, Tunc-Ozdemir, Chang, & Jones, 2015) . AtRGS1 is also required for glucose-regulated expression of certain genes (Grigston et al., 2008) .
The metabolic timeline for autotrophy in Arabidopsis seedlings is not known but is probably rapid. In gymnosperms, chlorophyll synthesis and formation of the photosystems already occur in complete darkness, and illumination of cotyledons for 5 min partially activates PSII (Pavlovi c, Stol arik, Nosek, Kou ril, & Il ık, 2016) . In green tissue, sucrose accumulation begins within 15 min of the onset of illumination, and Glc-1-P and Glc-6-P increase rapidly in response to illumination to reach saturation within 5 min (Okumura, Inoue, Kuwata, & Kinoshita, 2016) . Genes involved in photosynthesis and its regulation dominate transcripts specific to the greening cotyledon (Li, Swaminathan, & Hudson, 2011) .
Besides the signaling role for extracellular sugar in plant development and cell behavior, the presence of postphloem transport of sucrose to recipient sink cells that may occur either apoplastically into cell wall matrix or symplastically through plasmodesmata is well known (Rolland, Baena-Gonzalez, & Sheen, 2006; Wang & Ruan, 2013) . Extracellular glucose is acting as a signal, but it is not clear specifically what behavior it is provoking. Nonetheless, speculation abounds. The hydrolysis of sucrose by cell wall invertases into glucose and fructose is essential for appropriate metabolism, growth, and differentiation in plants (Sherson, Alford, Forbes, Wallace, & Smith, 2003) . Extracellular invertases are also required for plants' abilities to regrow and ultimately compensate for fitness following apical damage (Siddappaji et al., 2015) . A signaling role for glucose in development has been accepted for decades. For example, the classic experiments from the 1960s such as performed by the late Ralph Wetmore and Donald Northcote showed unequivocally that extracellular sugar is a morphogenic signal in cell differentiation (Jeffs & Northcote, 1967; Wetmore & Rier, 1963) . Sugar controls the plant cell cycle (Riou-Khamlichi, Menges, Healy, & Murray, 2000) , and it is essential for the activation of cell division at the shoot apex in auxin-dependent manner (Li et al., 2017; RayaGonz alez et al., 2017) . In addition, the concept designated by Sweet While AtRGS1 is the strongest candidate for an extracellular glucose sensor based on genetic evidence, to date, there is no direct evidence that AtRGS1 binds glucose. However, the AtRGS1 topology analogous to GPCRs (Chen et al., 2003) and the exogenous glucoseinduced AtRGS1 endocytosis (Fu et al., 2014; Urano, Phan et al., 2012) are consistent with extracellular glucose perception.
Because heterotrimeric G proteins are involved in the many cellular functions mentioned earlier including immunity, morphogenesis, abiotic stress responses, and growth (Colaneri, Tunc-Ozdemir, Huang, & Jones, 2014; Tunc-Ozdemir & Jones, 2017a; UeguchiTanaka et al., 2000; Ullah et al., 2001; Urano et al., 2016) and AtRGS1 internalizes in response to sugars, we speculated that the AtRGS1/G protein complex monitors sugar levels produced by photosynthesis. Given that AtRGS1 null mutants are unable to control photosynthesis efficiency in a dynamic light environment and are hyposensitive to high glucose, AtRGS1 may be the extracellular glucose sensor in distal cells. It is also consistent with previous studies showing that the G protein complex is required for a high light response (Galvez-Valdivieso et al., 2009) .
Given that hypocotyl elongation, a sugar-mediated pathway, is partially mediated by BRL3 and AtRGS1 (Tunc-Ozdemir & Jones, 2017b) specifically in dark, rgs1 mutants had longer hypocotyl (Chen et al., 2006) , and null alleles of AtRGS1 confer increased cell division in the root apical meristem (Chen et al., 2003) , we pro- 2 | ME TH OD
| Plant growth
Arabidopsis expressing AtRGS1-YFP (encoding 1-459aa) (Col-0) in pEarleyGate101, containing a 35S promoter and C-terminal YFP-HA (ABRC Stock: CS69139) (Huang et al., 2015) was sterilized with ethanol (70% for 10 min then 95% for 10 min) and stratified on plates containing ¼ Murashige and Skoog (MS) liquid media including 0.025% MES at 5°C for 2 days. This was followed by 2 hr 100 lmol m À2 s
À1
light and then grown in near darkness
) at 27°C for 3 days on a shaker.
| Light irradiation
For white light illumination of whole seedling, the seedlings were illuminated with 480 lmol m À2 s À1 light in sterile water. For partial illumination experiments, either the tissue was covered with aluminum foil, or the cotyledons were excised before light exposure. In one experiment, seedlings were illuminated either with photosynthetically active, red (600-700 nm), or nonactive green (400-500 nm) light at an intensity of 480 lE m À2 s À1 for 30 and 60 min. Green and red monochromatic lights were obtained by passing the white light from the halogen projector lamp through B5-5400 or B5-6800 interference filters, respectively (Baird Atomic, Inc.).
| Inhibiting photosynthesis
For PSII inhibition, 100 lM DCMU was dissolved in 0.01% ethanol (EtOH). First seedlings were stratified at 5°C for 2 days and then grown in~40 lmol m À2 s À1 light at 27°C for 2 days on a shaker. Next, the seedlings were treated either with 100 lM DCMU (Sigma) or 0.01% EtOH alone (control case) under~40 lmol m À2 s À1 light exposure on a shaker for 1 hr, and then, plates including seedlings were covered with foil and were grown at 27°C for another 1 day on a shaker before the light illumination experiments were performed. Finally, each seedling was placed on a slide with either 0.01% EtOH or 100 lM DCMU with ¼ MS, and then, the whole seedlings were either kept in 60 min in dark or exposed to~480 lmol m À2 s À1 light for 60 min. For PSI inhibition, 0 or 30 lM paraquat dissolved in water was added to whole seedlings kept in 60 min in darkness or under
To test the light-induced AtRGS1 endocytosis in the absence of CO 2, the seedlings were immersed in degassed water by submerging them in sealed glass slide sandwiches. CO 2 is soluble in water, but its diffusion rate is 10,000 slower than in air (Mommer & Visser, 2005) . To demonstrate glucose-induced G activation, cotyledons were removed and replaced with ¼ MS solid media (with 0.5% phytoagar) including 0 or 6% sucrose, mannitol, or D-/L-glucose.
| Imaging
Hypocotyl epidermal cells located 2-5 mm below the cotyledons were imaged using vertical optical sectioning (z-stack acquisition). A Zeiss LSM710 confocal laser scanning microscope with C-Apochro- Using a diamond knife, 1-lm longitudinal and transverse sections were cut, mounted on slides, and stained with 1% toluidine blue and examined by light microscopy to isolate the region of interest. Ultrathin sections (70-80 nm) were cut with a diamond knife and mounted on 200 mesh copper grids followed by staining with 4% aqueous uranyl acetate for 12 min and lead citrate for 8 min. Grids were observed using a JEOL JEM-1230 transmission electron microscope operating at 80 kV (JEOL USA, Inc., Peabody, MA), and images were acquired with a Gatan Orius SC1000 CCD Digital Camera and Gatan Microscopy Suite 3.0 software (Gatan, Inc., Pleasanton, CA).
| RESULTS AND DISCUSSION
Approximately half of the fixed CO 2 is immediately converted to starch while the rest is mobilized (Mengin et al., 2017; Sharkey, Berry, & Raschke, 1985; Sulpice et al., 2014) . Given the rapid speed that fixed carbon reaches distal cells (Mudgil et al., 2016) , we hypothesized that the extracellular sugars that are detected by AtRGS1 are derived by CO 2 fixation. As such, detection of G signaling activation in response to illumination is expected. To test this, we used the standard assay for G protein activation, namely AtRGS1 endocytosis (Fu et al., 2014) . The proportion of the total pool of AtRGS1 that is internalized is directly proportional to the amount of G protein activation ( Figure S5 of Fu et al., 2014) . The seedlings used in the initial part of this study were partially de-etiolated having elongated hypocotyls, opened hooks, and yellow-green cotyledons It also shows that cotyledons are the main source of the long-distance signal that activates G signaling.
To determine whether the cotyledon-derived signal that distally activates G signaling requires the light reactions of photosynthesis, seedlings were irradiated with photosynthetically active (600-700 nm; red) and nonactive (400-500 nm; green) (Figure 3a) light. G protein activation was significantly higher under red light compared to the same intensity green light both at 30-and 60-min irradiation
, p < .05, Figure 3b ). This is consistent with G protein activation as a photosynthesis-dependent process.
F I G U R E 3 Photosynthesis-dependent sugars are the lightinduced signal for G protein activation. (a) Spectra of B5-6800 or 5400 interference filters (Baird Atomic, Inc.) used for irradiation. (b) A photosynthesis product is the signal triggering G protein activation in hypocotyls. Photosynthetically active red light illumination by passing the white light from the halogen projector lamp through a B5-6800 interference filter for 30 min or 60 min induced AtRGS1 endocytosis while inactive green light did not. (c) PSII and PSI are required for G protein activation. Seedlings pretreated either with 0.01% EtOH (Control, Ctrl), the PSII inhibitor, DCMU, or the PSI inhibitor (paraquat, PQ) were either kept in dark or exposed to light. CO 2 was reduced (-CO 2 ) by submerging seedlings in degassed water before and during irradiation. (d) Photosynthesis-produced sugar is the cue for G protein activation. Cotyledons were removed and replaced with ¼ MS solid media block including 0.5% phytoagar, 0 or 6% D-/L-glucose or mannitol as shown in the graphic inset. (e) Photosynthesis-produced sucrose/glucose is the cue for G protein activation. Cotyledons were removed and replaced with ¼ MS solid media block including 0.5% phytoagar and 0 or 6% D-glucose or sucrose as shown in the graphic inset. b-e, The experiments were repeated three times using independent biological replicates with similar results, and one representative data set with error bars showing the AESEM (n = 3-11) is depicted. *p < .05 **p < .01, ***p < .001 (two-tailed t test)
To verify a role for photosynthesis, seedlings were treated with 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), a herbicide that reduces the quantum yield of PSII (Galatro, Puntarulo, Guiamet, & Simontacchi, 2013) . Seedlings were treated either with 100 lM DCMU (Sigma) or 0.01% EtOH alone (control case), and then, the seedlings were kept in dark or exposed to 480 lmol m À2 s À1 light for 60 min. DCMU impaired the light-induced AtRGS1 endocytosis that increases at 60 min after treatment (Figure 3c ) and had no effect on basal AtRGS1 endocytosis without light.
To determine whether PSI is required for light-induced G protein activation, we tested the effect of paraquat. Paraquat is a well-characterized electron acceptor that inhibits PSI, specifically oxidizing ferredoxin (Fan, Jia, Barber, & Chow, 2009 light for 60 min, and activation was measured (Figure 3c ). While there was a~2-fold increase in activation (p < .0001) in the 0 lM paraquat seedlings exposed to light, light-induced activation was not detected in the presence of 30 lM paraquat.
To determine whether light-induced activation required CO 2 fixation, seedlings were immersed in the medium prior to irradiation.
Submergence attenuates gas exchange between the plant and the environment by 10 4 -fold due to the lower diffusion rate of gases in water versus air (Mommer & Visser, 2005) . G protein activation was greatly reduced when CO 2 was limited ( Figure 3d ). Taken together, the requirements for PSII, PSI, and CO 2 support the notion that a cotyledon-derived photosynthesis product is the signal in G protein activation in cells distill to the leaf. We do not exclude that multiple signals are involved.
Fixed carbon in the leaf is rapidly distributed as sugars to sink tissue in plants with rates of movement~1 cm per minute (Mudgil et al., 2016) ; thus, sugars are candidates for the long-distance activator. To determine whether a sugar is the photosynthesis-dependent product that activates G signaling, cotyledons were excised and replaced with a ¼x MS agar cube containing 6% D-glucose. After 90 min, distal application of glucose increased AtRGS1 internalization (p < .0001) compared to the 0% glucose control (Figure 3d) . A similar response was not seen with the osmotic control, 6% mannitol. The observation that 6% L-glucose had little effect indicates stereospecificity in the glucose response. Because sucrose is a longdistance signal that controls root growth (Kircher & Schopfer, 2012), we also looked at the effect of distal sucrose application in AtRGS1 endocytosis ( Figure 3e ) and found that 6% sucrose has similar effect as glucose and increases AtRGS1 endocytosis (p < .0001).
Glucose sensing by the AtRGS1/G protein complex utilizes what we have termed dose-duration reciprocity (Fu et al., 2014) , where both time and amount of glucose are used to affect the signalinduced outcome. This is a complex mechanism that employs regulatory loops to achieve adaptive behavior, filters, and memory . The rate of glucose produced is a function of the level of irradiance, photosynthetic efficiency, and carbon fixation capacity (e.g., the number of mature chloroplasts). Naturally, for the same amount of low irradiance, fully green seedlings will produce more glucose than partially etiolated seedlings. As expected, we found that in hypocotyl epidermal cells of seedlings that had fully green cotyledons, AtRGS1 endocytosis was already maximum (specifically~2-fold higher than the tissue kept in near darkness (p < .0001)). Light illumination of the seedlings for 10 min resulted in no increase in AtRGS1 internalization (Figure 4a ). However, if they were dark-adapted until they returned to baseline for 4 hr, then
AtRGS1 endocytosis is activated again in 10 min (Figure 4b ). Therefore, the question arises to why plants have an extracellular glucose sensor that is so sensitive that it is already at maximum activation under low light conditions. We speculate on two possible reasons: (i)
The AtRGS1/G complex only operates under low light and during photomorphogenesis when full photosynthetic capacity has not yet (Liao, Melvin, et al., 2017) which is itself under glucose control (Yan, Wang, Fu, & Chen, 2017) . This is also consistent with an AtRGS1 role as a shadow detector which senses large changes in light while at the same time filters types of fluctuation in light that do not affect photosynthesis efficiency .
The results here also clearly dispel the idea that AtRGS1 internalization is simply a reaction to stress because many of the treatments performed here are stressful (surgery, chemical inhibitors, acapnia), yet we showed that they blocked, rather than promoted, lightinduced activation of G signaling and had no other effect on the baseline.
We showed with a simple set of experiments that information on the changes in the light environment affecting sugar production is conveyed to hypocotyls through photosynthesis-generated glucose. This work establishes a new basis by which cells distal to the leaf can monitor photosynthesis product(s) and provides a paradigm for plant sink tissues detecting light changes at source tissues.
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